Introduction per L , a mutation that lengthens the period of behavioral rhythms (Konopka and Benzer, 1971 ) and delays nuclear Patterns of activity, with periodicities of approximately localization of PER protein (Curtin et al., 1995) , have 24 hr, are termed circadian rhythms and appear to be shown that the PER L protein has reduced affinity for TIM universal components of animal behavior (Pittendrigh, (Gekakis et al., 1995) . This suggests that rates of PER/ 1967 PER/ , 1974 . These behaviors can be entrained to a "zeit-TIM association influence the period of the molecular geber" (most commonly light) but are sustained under cycle in mutant and wild-type flies. conditions of constant darkness and temperature, re Sehgal et al. (1995) proposed a model for the Drosophvealing activity of an endogenous biological clock. Cirila clock in which delayed formation of PER/TIM comcadian physiological rhythms are not limited to the aniplexes ensures separate phases of per/tim transcription mal kingdom, and genetic screens have identified clock and nuclear function of the encoded proteins. Recent genes in Drosophila melanogaster (Konopka and Ben- mathematical treatments of the Drosophila data are conzer, 1971; Allada et al., 1998 ; Rutila sistent with this model (Leloup and Goldbeter, 1998). et al., 1998) , Chlamydomonas (Bruce, 1972) , Neurospora Entrainment of this oscillator is regulated through the crassa (Feldman and Hoyle, 1973; Crosthwaite et al., TIM protein, which is rapidly eliminated from the nucleus 1997), cyanobacteria (Kondo et al., 1994) , Arabidopsis and cytoplasm of pacemaker cells when Drosophila are exposed to daylight (Hunter-Ensor et al., 1996 ; Lee et thaliana (Millar et al., 1995) , hamster (Ralph and Menal., 1996; Zeng et al., 1996) . Studies of aker, 1988), and mouse (Vitaterna et al., 1994) .
transgenic Drosophila have shown that adult behavioral Our current understanding of the molecular regulation rhythms can be linked to per and tim expression in a of circadian rhythmicity in Drosophila comes from intesmall group of central brain cells, the lateral neurons grating genetics and molecular biology. Null mutations (LNs; Ewer et al., 1992; Frisch et al., 1994 ; Vosshall and in either of two genes, period (per) and timeless (tim), . per and tim are also expressed in larval abolish behavioral rhythmicity, while alleles encoding brain cells that are most likely the larval LNs (Kaneko proteins with missense mutations have been recovered et al., 1997), suggesting a basis for larval entrainment at both loci and show either short-or long-period behavto light/dark cycles . Oscillations of ioral rhythms (Konopka and Benzer, 1971; Sehgal et al., per and tim RNA, and PER and TIM proteins have been found outside of the head in a variety of tissues (Emery in vitro with isolated tissues, further indicating a cell autonomous mechanism (Emery et al., 1997; Giebulto- is associated with pupal lethality and blocks circadian oscillations of per and tim gene products in larvae. dbt wicz and Hege, 1997; Plautz et al., 1997 , 1997; Shearman et al., 1997; Shigeyoshi et al., 1997; Sun et al., 1997; Tei et al., 1997) , and CLOCK and PER phosphorylation and degradation. The hypomorphic allele constitutively produces unusually high levels BMAL1 were first described in mammals (King et al., 1997; Ikeda and Nomura, 1997) , suggesting that the moof PER proteins that are hypophosphorylated. Thus, a normal function of dbt appears to be regulation of PER lecular basis of circadian rhythms may be conserved from flies to mammals. A related circadian oscillator has accumulation. also been described at the molecular level in Neurospora through the detailed work of Dunlap and colleagues Results (reviewed by Dunlap, 1996) .
Although some key features of the Drosophila clock double-time Is a New Gene that Sets the Period of Locomotor Activity Rhythms of Drosophila have been identified, the involvement of additional, essential factors is suspected from prior work. PER fails Ethyl methane sulfonate (EMS) mutagenesis (Lewis and Bacher, 1968) was used to induce new clock mutations to accumulate in the absence of TIM even in the presence of high per RNA levels (Vosshall et al., 1994 ; Price affecting the period length of locomotor activity rhythms in homozygous or heterozygous flies. Screening of hetet al., 1995) , pointing to the existence of an activity that destabilizes cytoplasmic PER monomers. Both PER and erozygous phenotypes was performed because all known clock mutations that affect period length in Drosophila, TIM are phosphorylated with a circadian rhythm (Edery et al., 1994; Zeng et al., 1996) indicating unidentified Neurospora, Arabidopsis, mice, and hamsters are semidominant (reviewed by Dunlap, 1996) . kinases. PER, in particular, becomes progressively phosphorylated over many hours, and the timing of its phos-
The locomotor activity of individual flies, each bearing heterozygous or homozygous mutagenized chromophorylation is changed in period-altering mutants (Edery et al., 1994) , suggesting either circadian regulation of somes, was monitored under constant darkness (DD) to reveal free-running period length (Experimental Proce-PER phosphorylation or a role in establishing rhythmicity.
dures). From a screen of ‫000,51ف‬ second and third chromosomes, three lines were recovered carrying longIn this paper, we report the identification and genetic characterization of the clock gene double-time (dbt dbt S and dbt L were also tested for aberrant circadian rhythms of eclosion (emergence of the adult fly from the pupal case) to determine whether dbt mutations affect this phenotype as previously observed for per and tim (Konopka and Benzer, 1971; . Although eclosion occurs only once in the lifetime of an individual fly, it occurs repeatedly and rhythmically in a population of flies of diverse ages. In DD, the period of To investigate whether dbt period-altering alleles change produced locomotor rhythms with approximately wildthe molecular oscillation of known clock components, type periods ‫42ف(‬ hr). These results argue that this deficiency lacks the wild-type allele of dbt. The deficiency we first looked at PER and TIM protein time courses on type ( Figure 3C ). In contrast, in dbt L , both PER and TIM ( Figure 3C ). In contrast to wild-type flies, we also detect
persistence of PER in the absence of TIM after lights- and dbt L at ZT0 shows roughly equal amounts of PER ( Figure 3C ). Thus, there seems to be an increase in PER occurred in LD, with subsequent days followed in DD.
Although the initial LD cycles of per and tim RNA expression occurred with essentially the same phase in dbt (TAU, Mini-Mitter, Sunriver, OR) gave estimates of ‫72ف‬ and ‫22ف‬ hr for dbt L and wild type, respectively. The lower amplitude of the RNA rhythm in dbt L as compared Western blots. We assayed 1 day of LD and 2 days of to wild type also resembles the molecular cycling ob-DD for wild-type, dbt S , and dbt L genotypes (Figure 3 ). served in tim L mutants (A. R., unpublished data). As Overall, the levels of expression of both PER and TIM peaks of RNA expression are not always coincident for are not grossly altered. However, in LD, both proteins per and tim in dbt L , and the oscillations are of reduced oscillate with a slight phase advance in dbt S , and phase amplitude, it is possible that the molecular rhythms are delay in dbt L . In DD, the proteins oscillate with a period less stable in the mutant. However, the simplest interprelength corresponding to the locomotor activity rhythms tation of the data is that per and tim cycle together in of the mutants. This is especially clear if cycling patterns the mutant with an ‫72ف‬ hr period. of PER phosphorylation are examined, which are immune to differences in the loading of the protein samples (Edery et al., 1994) . For dbt S in DD, sharp transitions Isolation of a P-Element Insertion in the dbt Locus from hyperphosphorylated to hypophosphorylated PER Drosophila strains containing P-element insertions on occur between CT6 and CT10, next between CT22 and the right arm of the third chromosome were screened CT2, and on the last cycle between CT18 and CT22, for failure to complement the original dbt S mutation. giving an average periodicity of 18 hr ( Figure 3B Figure 3B ). Although shifts in mobility dbt P flies produced locomotor activity rhythms with a are less dramatic in dbt L , transitions appear to occur period of 19 hr, while dbt P /ϩ flies had wild-type periods between CT10 and CT14, and subsequently between (23.8 hr; Table 1 ). Similarly, dbt L /dbt P flies had locomotor CT14 and CT18, giving a 28 hr period ( Figure 3B ). For activity rhythms of 26.6 hr, similar to those obtained in TIM, mobility differences for all genotypes are much dbt L /Df(3R)tll-g flies (Table 1) . The P element is therefore smaller, but the strong phase differences among the likely to result in a large reduction, or even absence, of genotypes ( Figure 3A) , and period differences in RNA dbt gene products (demonstrated in the accompanying expression patterns (below), indicate that period is likely manuscript, Kloss et al., 1998 , this issue of Cell). The altered as for PER.
finding that dbt P fails to complement both dbt S and dbt L A closer inspection of dbt S reveals that both PER and indicates that the latter mutations affect the same gene, TIM disappear prematurely in an LD cycle. Forms of a conclusion that has been confirmed by molecular stud-PER with lowest electrophoretic mobility, which have ies of Kloss et al. (1998 (Table 1) . A strain, dbt P /TM6, which produces homozygous larvae and pupae distinguishable from their heterozygous siblings by virtue of the dominant marker Tubby (on TM6), was constructed. Most third instar homozygous dbt P larvae pupate, but they die later in pupal development. Proof that dbt function is required for both viability and circadian rhythmicity has come from reversion studies of dbt P (Kloss et al., 1998) .
Using Third Larval Instar Brain Clock Cells to Analyze dbt P
We reasoned that the strongly hypomorphic allele dbt P might show the most dramatic effects on clock gene cycling. Although dbt P embryos take longer to develop into third instar larvae than do their heterozygous siblings, the foraging motility of these larvae and their touch sensitivity appear normal. In the analyses below, we only used clearly motile larvae.
Behavioral studies have demonstrated that a circadian clock is active in Drosophila larvae . It has recently been shown that a specific group of central brain cells is likely to compose the larval pacemaker . In each hemisphere of the third instar larval brain, four to five cells coexpress PER and TIM with circadian oscillations that are in phase with the oscillations of these proteins in adult pacemaker cells (Figures 4A and 5A ; . The only detectable staining in larval brain hemispheres for pigment-dispersing hormone (PDH), a marker for adult lateral neurons (Helfrich-Forster, 1995) , is found in the cell bodies and axons of these PER-TIM expressing cells (Kaneko et al., 1997; Figure 5A ; J. B., unpublished data). Therefore, the PER-TIM-PDH coexpressing larval brain cells can be considered larval lateral neurons (lvLNs). In per o larvae, TIM is constitutively cytoplasmic in lvLNs ( Figure 4C ), and in tim 01 larvae, PER is undetectable in these cells by immunocytochemistry (J. B., unpublished data). Both of these mutant phenotypes are characteristics of adult clock cells (Vosshall et al., 1994; . PER and TIM oscillations can also be seen in two groups of cells at the anterior of the third instar larval brain, but in one of these groups, the Larvae were entrained for at least 3 days in standard LD cycles, with some transferred to DD for either 1 (D1) or 2 (D2) further days. Third instar larval brains were isolated at the times shown (ZT and CT indicate time in LD and DD cycles, respectively) and processed for either TIM protein (A and C) or tim RNA (B) as described in Experimental Procedures. Representative single hemispheres are shown in (A) and (B We first checked that lvLNs are present in dbt P larvae. not shown), as seen for wild-type larvae . The axons of these dbt P lvLNs fasciculate and We detected PDH staining in the cytoplasm of four cells in each hemisphere (these are rarely detected in the head to the anterior of the brain as in wild type. However, dbt P lvLNs are found slightly more peripherally than in same focal plane) in all dbt P larval brains examined at different times in LD and DD cycles ( Figure 5A and data wild type, as seen in the staining patterns of PER and TIM in Figures 4A, 4B , 5B, and 5F. This probably indi-PER Is Constitutively Expressed at High Levels in dbt P Larval Brains cates a subtle developmental effect of dbt on the archi-PER protein levels oscillate in wild-type lvLNs in an LD tecture of the brain, which might be expected given that cycle, reaching peak levels at ZT23 of the four time the dbt P mutation causes lethality before completion of points shown in Figure 5A , in agreement with Kaneko pupal development. et al. (1997) . In DD, PER continues to cycle in wild-type lvLNs and is detected at CT1 but not CT13 ( Figure 5B ; . PER proteins produced by dbt P Regulation of TIM's Light Sensitivity and Nuclear larvae show three significant differences from wild type Localization Are Not Affected by dbt P (Figures 5A and 5B) . First, PER is constitutively exIn an LD cycle, TIM protein oscillates in the lvLNs in pressed in lvLNs in LD and DD cycles. Second, the both wild-type and dbt P larvae and is detected only intensity of staining in the lvLNs is stronger in dbt P than during the dark phase of the cycle ( Figure 4A , compare in wild-type larvae (samples shown were processed ZT9 and 22). Therefore, we conclude that the light sensiidentically on the same day). Third, the pattern of exprestivity of TIM in lvLNs is not affected in a strongly hyposion in dbt P is widened to include regions of the brain morphic dbt background. In a minority of dbt P lvLNs not significantly stained in a wild-type background (also counterstained with PDH, TIM is not detected at ZT22 seen clearly in Figure 5E ). The elevated level of PER in (data not shown), suggesting that the TIM oscillation is dbt P was confirmed by Western blotting using extracts not as robust in dbt P as in wild type, and this is not from dissected larval brains collected in LD ( Figure 5C ). surprising given the results found in DD below. We also
The latter results show that PER protein accumulation examined TIM accumulation in per o and per o ; dbt P larvae. is dramatically increased by the dbt P mutation (compare TIM accumulated at night in the cytoplasm of lvLNs in dbt P to wild-type larvae, where PER is difficult to detect, both strains in contrast to the predominantly nuclear Figure 5C ), and the high levels of accumulated PER localization observed in wild type ( Figure 4C) . A similar protein do not show significant differences between cytoplasmic accumulation of TIM is observed in the pho-ZT12 and ZT24 ( Figure 5C ) in LD cycles in dbt P . In additoreceptors and LNs of adult per o Drosophila (Myers et tion, the electrophoretic mobility of PER proteins is relaal., 1996; J. B., unpublished data). Therefore, dbt has tively high and uniform in dbt P larvae, in contrast to the no role in retaining TIM in the cytoplasm in the absence broad spectrum of lower PER protein mobilities obof PER . served in wild-type larvae and adult heads ( Figure 5C Figure 4A ; Kaneko reflected altered per RNA levels, we used RNase protecet al., 1997). In contrast, in dbt P larvae transferred to tion to detect per RNA in these tissues at ZT14-16 (time DD, TIM is weakly detected in lvLNs in the first subjective of expected peak per RNA accumulation in wild-type morning at CT5 (CT, circadian time, indicates time in Drosophila). The results in Figure 5D show that per RNA DD), disappears by CT10 (data not shown), and is undeis expressed at similar levels in wild-type and dbt P larval tectable thereafter in the lvLNs ( Figure 4A ). TIM is always brains. Thus, the aberrant accumulation of PER proteins detected in dbt P in the anterior larval brain cells, which in dbt P mutants does not reflect increased per transcripserves as a positive control for the procedure. For the tion or per RNA stability but must be downstream of lvLNs, the differential effects of dbt P on TIM in LD and these events. DD shown in Figure 4A are not due to selecting larvae
The pattern of PER expression in dbt P is similar to a from slightly different developmental stages since iden-PER-␤-galactosidase fusion protein, PER-SG, expressed tical results were derived from larvae that had been from the per promoter ( Figure 5E ). In adults, per-SG synchronized developmentally (data not shown).
RNA oscillates, but PER-SG protein does not. In fact, the In wild-type larvae, tim RNA, as detected by in situ PER-SG protein accumulates over progressive cycles, hybridization with an antisense tim probe, shows robust suggesting that it is a stable protein (Vosshall et al., oscillations in the lvLNs in both LD and DD ( Figure 4B ).
1994; Dembinska et al., 1997) . PER-SG, detected with tim RNA levels oscillate in the lvLNs of dbt P mutants in an an antibody against ␤-galactosidase, is expressed in LD cycle ( Figure 4B ), indicating that PER/TIM complexes larvae in the lvLNs and other cell clusters in the brain can still negatively regulate tim gene expression in dbt P hemispheres, as well as cells adjacent and close to the larvae and that this regulation can be blocked by lightventral ganglion midline ( Figure 5E ; . dependent degradation of TIM. When dbt P larvae are The presence of the noncycling PER-SG fusion protein transferred to DD, tim RNA is weakly detected in lvLNs therefore marks cells in which the per promoter is active, on the first subjective morning (CT2) but is undetectable or has been active, during development. Comparable thereafter in these cells ( Figure 4B) . Thus, the effects of patterns were seen with two independent SG lines (Kathe dbt P mutation on levels of TIM protein ( Figure 4A ) neko et al., 1997). PER in wild-type larvae has also been probably reflect more direct effects of dbt P on tim RNA detected at very low levels in these cells . Thus, the pattern of staining for PER we see in levels ( Figure 4B ).
dbt
P reflects the normal spatial expression of per, but mutants, with increased levels also seen in new regions of the larval brain. These observations, and the finding this pattern is only easily visible with a stable fusion that increased PER accumulation is not due to increased protein or in a dbt P background.
per RNA production, suggest that dbt affects circadian rhythmicity through PER protein. Altered patterns of tim PER Is Stable in dbt P Larvae in Constant Light RNA and TIM protein accumulation in dbt P are presum-PER is detected at high levels in dbt P larval brains in ably secondary effects derived from the substantially DD as in LD ( Figure 5B ). The persistence of PER proteins increased accumulation of PER. in lvLNs in DD is presumably occurring in the presence of very low levels of the TIM protein, which, as indicated dbt Appears to Affect Stability of the PER Protein above, fall below immunocytochemical detection in
The high levels of PER observed in dbt P are due either these cells in DD ( Figure 4A ). In dbt ϩ larvae and adults, to increased per RNA translation or increased PER sta-PER accumulation is suppressed in the absence of TIM bility. Altered patterns of PER degradation in dbt S and (Vosshall et al., 1994; Price et al., 1995; J. B., unpublished dbt L mutants could also reflect changes in either transladata). It therefore seemed likely that PER in dbt P had tional control or stability: PER in dbt S starts to accumubecome less dependent on TIM for its accumulation late 2 hr before wild type, but most PER disappears at than in wild type, especially since PER is detectable in least 6 hr before loss of the wild-type protein (Figure brain cells where TIM is not detected in wild-type or 3B). This is consistent with decreased stability of PER in dbt P larvae (Figures 4A and 5E Zeng et al., 1996) . Figure 5F from ZT2 to ZT6 indicates hyperphosphorylation of the shows that in wild-type larvae, PER accumulation is persistent PER proteins, which also suggests that these suppressed in response to LL as previously seen for proteins were translated many hours earlier (Edery et adults. In contrast, in dbt P larvae raised in LL, PER conal., 1994) . tinues to be strongly detected in the lvLNs and the other
The electrophoretic mobility of PER in dbt P mutants PER-expressing cells ( Figure 5F ). The persistence of differs significantly from wild type: its migration in rela-PER in DD and LL indicates that PER proteins can accution to PER proteins formed in wild-type larval brains mulate in dbt P mutants even with very low levels of TIM. and in adult heads suggests that it is constitutively hypophosphorylated ( Figure 5C and data not shown dbt sequence analysis, which has shown that the DBT protein is very closely related to human casein kinase I⑀ (Kloss et al., 1998) . Therefore, the most likely role for DBT in the Drosophila clock is as a mediator of posttranslational modification that determines PER stability. We cannot rule out that per translation is also altered in the dbt mutants, but we have no evidence for this.
PER in dbt P behaves much like the PER-␤-galactosidase fusion protein, PER-SG, in wild-type flies. PER-SG is expressed widely in the larval brain and is detectable at high levels in adults even in the absence of TIM (Vosshall et al., 1994) as well as in constant light in adults and larvae (J. L. P. and J. B., unpublished data). In adults, (Vosshall et al., 1994; Price et al., 1995) , A Basis for Light-Driven Molecular Cycles in dbt P Mutants indicating the presence of a cytoplasmic activity that destabilizes PER monomers. In wild-type adults, conIf PER is constitutively expressed in the nuclei of lvLNs in dbt P , why are tim RNA oscillations seen in LD cycles, stant light suppresses TIM, which subsequently results in very low levels of PER (Price et al., 1995) , and we see but not in DD? Prior work has indicated that suppression of per and tim RNA levels requires activity of a PER/ the same result in wild-type third instar larvae raised in constant light ( Figure 5F ). However, in dbt P mutants, TIM complex (reviewed in Young et al., 1996) . Because light eliminates TIM proteins, LD similar high levels of PER accumulate in LD, DD, and LL. Since the dbt P allele allows comparable PER accucycles will periodically eliminate PER/TIM complexes but generate a large pool of long-lived, monomeric PER mulation with either high or low levels of TIM, we conclude that dbt P allows TIM-independent PER accumulaproteins in dbt P mutants. The latter proteins evidently have little or no influence on per and tim transcription. tion and that DBT is a component of the cytoplasmic activity that destabilizes PER monomers in wild-type One interpretation of our results is that in DD, dbt P mutants produce a low level of tim transcription that is and tim 01 flies. Consistent with this conclusion, we observe predominantly cytoplasmic accumulation for the maintained by constitutive formation, nuclear translocation, and nuclear activity of PER/TIM complexes. In wildexpanded PER pattern in dbt P larval brains (J. B., unpublished data). tim does not appear to be expressed in type Drosophila, PER's cytoplasmic instability allows high levels of per and tim RNA to accumulate prior to this expanded pattern in wild-type larvae , so expanded accumulation of PER monomers formation of PER/TIM complexes, promoting oscillations of RNA and protein accumulation. Stable accumuin dbt P , but not wild-type, larval brains indicates novel cytoplasmic stability for PER in the mutant.
lation of cytoplasmic PER monomers in dbt P mutants should allow an equilibrium to be established in DD in There is also evidence that DBT influences stability of nuclear PER proteins. PER is detected immunocytowhich constitutive transfer of PER/TIM complexes to nuclei produces two effects: low levels of RNA expreschemically in nuclei of dbt S and dbt L lvLNs prior to its disappearance (J. B., unpublished data), suggesting that sion and a sizeable pool of nuclear PER monomers that are evidently much more stable than TIM (Figures 4A, the differing kinetics of PER degradation in wild type, dbt S , and dbt L reflect different rates of PER elimination 5A, and 5B). Although we do not detect tim RNA or protein in dbt P in DD immunocytochemically, this probafrom the nucleus. Increased nuclear stability of PER monomers is also apparent from our analyses of dbt P bly reflects how even a very low level of TIM (which is stable in the absence of light) is sufficient to maintain lvLNs: PER is lost from wild type but persists in dbt P nuclei after exposure to light has removed most TIM continuous nuclear entry of PER/TIM complexes when PER proteins are stabilized (further evidence is disproteins (Figures 5A and 5F ; J. B., unpublished data). Thus, dbt may affect the stability of both cytoplasmic cussed below). We suggest that an important difference between wild type and dbt P Drosophila is that most PER and nuclear PER monomers. This does not mean that DBT must function in both subcellular compartments, monomers are degraded with only a small fraction of the proteins escaping to form PER/TIM complexes in since a posttranslational modification generated in the TIM probe was synthesized from pSK-TIM2 (Myers et al., 1997) using wild-type flies, whereas stable PER proteins in dbt P mu-DIG RNA labeling mix (Boehringer Mannheim).
tants now bind TIM without temporal constraints. This interpretation is summarized in Figure 6 .
RNase Protection and Western Blotting
In constant light, we do see PER translocation to the RNase protection assays were performed as previously described nucleus in the dbt P lvLNs, but this probably reflects that for adult head RNA samples (Sehgal et al., 1995) . For larval brains, light is less effective at removing TIM than the tim 01 10 g RNA (isolated from approximately 50 dissected brains) were used for one lane of an experiment using the Ambion RPAII kit. The mutation and that increased tim transcription during the per riboprobe protects nucleotides 1426-1749 of the per cDNA; the period of lights-on can offset some light-induced TIM tim probe was as in Myers et al. (1997) ; and the rp49 probe protects depletion ( Figure 4B) novel gene required for circadian rhythms in Drosophila.
with either anti-PER (Stanewsky et al., 1997) or anti-TIM at dilutions of 1:10,000 or 1:2000, respectively. For washes,
Evidence has been presented that dbt contributes to secondary antibody incubation, and ECL (Amersham), we followed circadian rhythmicity by determining the stability of PER.
standard procedures.
We have proposed that DBT activity in wild-type flies promotes molecular cycles of per and tim expression
